I. INTRODUCTION

L
IGHT-EMITTING diode (LED) has a wide range of advantages compared to traditional lighting technologies. LED has longer service lifetime and can operate for 50 000 h before their output drops to 70% compared to standard incandescent bulbs having a lifetime of 6000 to 15 000 h only [1] . They have higher luminous efficacy than traditional lighting sources. The development of efficient InGaN-based alloys for blue and green LEDs opened the doors for white LEDs, which over the last two decades have surpassed the luminous efficacy of incandescent light bulbs (14 lm/W) and fluorescent lamps (75 lm/W), with Cree, Inc. producing a 276 lm/W white LED in 2013 [2] . The inherent modulation bandwidth of LED can be exploited to provide a dual role as a communication device besides illumination. LED has excellent versatility in controlling spectrum, thus being able to generate light with a high diversity of color temperature and luminous flux. These exciting complementary communication aspects to LED lighting have generated considerable research and industrial interest in using LEDs in visible light communication (VLC) .
Since the general lighting can be considered as the primary purpose for an LED source, it needs to ensure sufficient horizontal brightness at the desktop surface. In accordance with EN 12464-1, it is 400 lx as a minimal brightness at the desktop height in the area where a working place is set, and aims for a 200-800 lx in the whole room [3] . Several reported investigations for office applications relied on complex trichromatic LEDs with idealized bandwidths of 100 MHz and above [4] . Recent advancements in LED technology have reignited interests in VLC. With fast response and high switching frequency capabilities, LED devices have the essential features for VLC applications. Providing an efficient uplink scheme for VLC has been a problem, as VLC with illumination has a broadcast characteristic with distributed LED sources [5] . A visible light uplink would be inefficient for portable devices which run on low power, and may also be considered inconvenient and unpleasant. When VLC is combined with illumination exclusively in an indoor lighting scenario, the effect of incandescent and fluorescent lighting may be ignored. But unavoidable situations may arise when LED lighting-based VLC has to be combined in conjunction with other artificial lighting systems. The shot noise from sunlight is stationary, varying little over time and producing a steady but strong noise current. The LED source could vary rapidly in time due to harmonics of the mains frequency, which itself varies the optical incident on the photodetector [6] . Indoor VLC is built for line of sight (LOS) links. Therefore, receivers are expected to have a clear LOS to the lighting system. The effect can be minimized by distributing lighting sources so that high signal-to-noise (SNR) is maintained throughout [7] . For optimal operation, the receiver must be able to detect signals from most light sources anywhere in a room, which would require a wide beam angle for the transmitter and a wide field 0278-0046 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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of view (FOV) for the receiver. If the detector FOV is increased, Lambertian reflections off walls could create secondary images of sources on the detector array, which could cause cross interference. It must be noted that due to the difference in wavelength, there is a difference in reflectivity of the surfaces which have significant impact on channel characteristics [8] - [10] . Since VLC involves lighting and communication control, it is necessary to consider their control methods. In general, pulsewidth modulation (PWM), dc current, and bilevel current control have been adopted in LED system control [11] , [12] . On-off keying and pulse position modulation are used for data communication [13] . VLC can be achieved through the use of multicolor LED systems or white LED systems. The performance of VLC depends on the conversion relation between the radiometric and photometric units when the received signal power enters a receiver [14] . The photosensitivity characteristics of a photodetector depends on the wavelength. Such sensitivity is higher for longer wavelengths than for shorter ones in the visible band. VLC has been proposed for both indoor [15] - [17] and outdoor applications [18] . In these studies, the SNR is a key factor. The performance of VLC depends on a variety of factors such as the SNR, incident angle, and distance. For indoor application, for example, a minimum SNR of 15 dB is deemed to be acceptable [14] . However, it is incorrect to assume that the SNR is constant in VLC applications. It is necessary to note that both of the LED and photodetector are sensitive to the electrothermal effects.
The photometric, electrical, thermal, and colorimetric characteristics of LED systems are highly dependent on one another. The photoelectrothermal (PET) theory has provided a platform for studying these four aspects of the LED performance [19] , [20] . It has been adopted to study precise dimming and color control of LED systems [21] . Thermal management is an important issue in the design of LED systems. In case of emerging high power LED for illumination and VLC which run at high drive currents, high junction temperature could cause signal power degradation over time, reducing SNR [8] . The effect could be higher in illumination fixtures, where arrays of hundreds of LEDs are connected close together. Long-term light output and lifetime of an LED drastically reduce when they are subject to excessive heat, as a result, one of the significant advantages of VLC compared to RF gets undermined. For VLC to be implemented effectively, LED junction temperature must be kept to a minimum. The optical and electrical characteristics versus the applied voltages, frequencies, and depths of modulation were compared to evaluate the effects of the electrical behaviors on the SNR [22] . When practical implementation of VLC systems is considered, factors such as junction temperature and variation in spectrum tend to become much more prominent which is not well modeled. While SNR is a crucial factor in VLC applications, there has not been any substantial study on the thermal effects of LED on SNR. This paper focuses on this unchartered research area and presents a theoretical analysis on the variation of SNR caused by electrical and thermal effects in LEDs. It will be shown that the variation of the SNR caused by the electrical and thermal effects of LEDs could be substantial. The PET theory is extended with the use of spectral power distribution (SPD) as a function of current and temperature to determine the SNR that is required in the VLC. This work describes the actual behavior of the SNR of visible light communication during dimming, and a realistic mathematical model linking the complex relationships between the drive electrical power and the junction temperature over dimming is presented. The analytical study includes the variations of the electrical power and temperature in the LED package, and their effects on the photodetector. It is noted that the SNR is highly related to the transmission distance and the junction temperature of the LED source. For a given SNR value, the acceptable signal transmission distance is a function of the junction temperature. The work is important to VLC system designers because the operating temperature of each VLC system may vary from one installation to another and more lighting systems with dimming capability are expected for energy saving reasons. Their good agreements between theoretical and practical results indicate that the PET theory can be extended as a design tool for the evaluation and optimization of the SNR in VLC applications.
II. SNR ANALYSIS OF VLC SYSTEM WITH AN LED SOURCE
The optical power received (P opt,r ) by the photodetector is dependent on the solid-angle (Ω) subtended by the photodetector. The LED source is assumed as a point source. The light intensity leaving a point source decreases in proportion to the inverse of the distance from the source, as shown in (1) . The solid-angle Ω is approximately the area of the photodetector A divided by the square of the distance D from the LED source to photodetector
The received optical power P r of the photodetector can be expressed as follows:
where ε is the relational coefficient between the emitting optical power within the solid angle Ω and the received optical power. Each type of LED has unique angular dependence of output power distribution. The different angular properties of LED sources are dependent on the coefficient ε. The P opt is the total optical power of the LED source. After the photodetector of the receiver, the output photocurrent I p is given by the following:
where R PD (λ) is the spectral responsivity of the photodetector, P opt (λ) is the SPD of LED. At the receiver's front-end, an optical bandpass filter is usually adopted to filter out the slowly varying light emitted from the LED. The filtered light is then captured by an optical concentrator to increase the total collected optical power. Finally, the optical signal is converted to the electrical current signal through the photodetector. Hence, the SNR of the output electrical signal can be calculated by the following [23] :
where P noise is the noise power. The SNR depends on the square of the received optical average power, implying that VLC must transmit at a relatively high power and can tolerate only a limited path loss. Along with specifications regarding the frequency and distortion performance, the noise sources of the VLC system are critical factors in determining the performance. The major noise sources present in an indoor VLC system include the shot noise and thermal noise. The two primary sources of noise at the receiver front end are due to the received photocurrent and resistive elements in the preamplifier. It is generated due to the random motion of carriers in resistive and active devices. Photogenerated shot noise is a major noise source in the VLC system. The noise arises fundamentally due to the discrete nature of energy and charge in the photodetector. Carrier pairs are generated randomly in the space charge region due to the incident photons. Furthermore, carriers traverse the potential barrier of the p-n junction in a random fashion dependent on their energy [24] . The probabilistic generation and transport of carriers due to quantum effects in the photodetector gives rise to shot noise in the photocurrent. The shot noise can be given as follows:
where q is the electron charge, B is the equivalent noise bandwidth, R PD is the responsivity of the photodetector, I bg is the background current, I 2 is the noise bandwidth factor. If a low resistance is used in the front end to improve the frequency response, an excessive amount of thermal noise is added to the photocurrent signal. Thermal noise is generated independently of the received signal and can be modeled as a Gaussian distribution. Thermal noise is the electronic noise generated due to thermal agitation of charge carriers inside a conductor, photongenerated shot noise is induced by ambient light. The noise is shaped by a transfer function dependent on the topology of the preamplifier once the noise power is referred to the input of the amplifer [25] . Therefore, the thermal noise can be expressed as follows:
where k is the Boltzmann constant, T k is the absolute temperature, η is fixed capacitance, A is the physical area of the photodetector, G is the open-loop voltage gain, Γ is the field-effect transistor (FET) channel noise factor, g m is the FET transconductance, I 3 is the integral involved in the expression of circuit noise. When the photocurrent generated by the signal in the photodetector is much smaller than that generated by the ambient light, the shot noise can be treated as invariant with the received optical signal power, making the total noise power also invariant with the received optical signal power.
III. SPD OF A WHITE LED WITH ELECTRICAL-THERMAL EFFECTS ON THE PERFORMANCE OF A VLC SYSTEM
A. SPD of a White LED With Electrical-Thermal Effects
The SPD is the primary LED optical properties, determining luminous flux and color. A lot of effort has been attributed to model the LED spectral properties. In [26] , a Gaussian spectrum model appeared more successful and the model simplified incorporation of the peak wavelength and full width at half maximum (FWHM). A double Gaussian model was presented in [27] , which is still used for lighting calculation by the International Commission on Illumination. A variation of the split Gaussian function with a different exponential behavior on each side of the maximum was reported in [28] to be a more simplified approach for spectrum modeling of LED. The chromatic aspects of an LED can be described with SPD. Experimental evidence discussed earlier supports the use of the Gaussian function to describe the SPD of an LED [31] . Therefore, the asymmetrical SPD of monochrome LED is typically modeled with a Gaussian function
where P opt is the optical power of SPD, σ is dependent on the peak wavelength λ p and FWHM Δλ. FWHM describes the spectral width of the emitted light
The SPD of a white LED using yellow YAG phosphor and blue LED chip can theoretically be predicted by using multi-SPD model [31] . The multi-SPD model is sufficient to model the emission spectra of the white LED over their expected range of operating temperature and power.
The peak wavelength λ p can be described by Shockley equation and donor-acceptor pair composition theory [29] . The peak wavelength of the blue LED chip moves toward the shorter wavelength direction (i.e., blue-shift) with increasing current at constant temperature. On the contrary, there is red shift of the peak wavelength of the blue chip with an increasing temperature at constant current, which can be attributed to the variation in the semiconductor band gap with temperature. The theoretical FWHM for the spectra is 1.25 × 10 −7 λ 2 p T j [30] , where T j is the junction temperature in Kelvin. However, the practical FWHM is much higher than the theoretical value due to the composition inhomogeneity of the alloy used in the active layer. In the practical operating range, the relationship of FWHM as a function of the junction temperature and electrical power operation is fairly linear and can therefore be modeled with temperature using a two-dimensional (2-D) mathematical function. Due to the electrical power and temperature effect on the peak wavelength λ p,m and FWHM Δλ ,m of the mth SPD, the following equations can be obtained:
where α p , m , β p , m , χ p , m , γ p , m are temperature and electrical power coefficients for peak wavelength of the mth SPD,
, m are temperature and electrical power coefficients for the FWHM of the mth SPD. The measured variations in the peak wavelength and FWHM exhibit similar behavior with the junction temperature and electrical power [31] . Their similar variation patterns justify the format of (10) and (11). Based on the steady-state PET theory [19] , the relationship of the optical power as a function of the junction temperature for constant LED power operation is fairly linear. In practice, at constant junction temperature, the optical power can be obtained as a quadratic polynomial function of electrical power. Therefore, the optical power can be expressed as a link for electrical power and junction temperature using 2-D mathematical function as discussed in [20] . The function of optical power P opt,m of the mth SPD can be constructed as follows: The required parameters in (10)- (12) of white LED samples can be obtained from their measured light spectra.
The multi-SPD model with electrical power and thermal effect can be expressed as follows:
The SPD of a white LED using yellow YAG phosphor and blue LED chip can theoretically be considered as the sum of the blue and yellow spectra. The spectrum of phosphors has a Gaussian shape. The emitting spectrum of the phosphor material can theoretically be considered as the sum of the several Gaussian spectrum. The spectral properties of the phosphor material are dependent on different main peak wavelength of the warm and cool white LED. The so-called yellow phosphor of the warm white LED emits light in both of yellow and red spectra. And the so-called yellow phosphor of the cool white LED emits light in both of yellow and green spectra. If a blue and a yellow spectrum are chosen, the difference between the practically measured SPD and double-color (blue and yellow color) spectra model can be represented by a green or red spectrum. Therefore, in order to represent the practical situation, a green or red spectrum can be added to the double-spectra model, resulting in the following analytical trispectra (BYG or BYR) model described by multi-SPD model.
Based on the bidirectional thermal resistance model [32] , the junction temperature T j for the white LED mounted on a heatsink with a thermal resistance R hs can be rewritten as follows:
where R j c is the thermal resistance of the LED device, R hs is the thermal resistance of the heatsink, R silicone is the thermal resistance of the silicone package, R phosphor is the thermal resistance of the phosphor package, k h is the heat dissipation coefficient. k h is an indication of the portion of the total input LED power that will be dissipated as heat. R silicone and R phosphor are extracted from the bidirectional thermal resistance model in [32] . For the white LED using yellow YAG phosphor and blue LED chip, the number of SPDs can be considered as the summation of three SPDs. It consists of three peaks and so can be modeled as the summation of three SPDs. Based on this methodology, the spectral characteristics of the white LED with junction temperature and electrical power are obtained numerically based on the measured spectra and shown in Fig. 1 and 2 , respectively.
The junction temperature T j is measured by using the T3ster and TeraLED system. The LED sample is mounted on an actively temperature-controlled heatsink for keeping constant temperature. The T3ster captures the thermal transient response in real time, records the cooling/heating curve, and then evaluates the cooling/heating curve in order to obtain the thermal characteristics. For voltage-temperature sensitivity calibration, a 0.005 A current is applied in LED with a temperature-controlled heatsink (at four different temperatures such as 25, 40, 55, and 70°C). Then, the junction temperature is obtained in each case from the LED through the use of the voltage response curve and voltage-temperature sensitivity calibration using the T3Ster system. The spectral properties and thermal transient curve are measured after driving LED with current for 10 minutes with keeping constant junction temperature. Using the PMS-50 spectrophotocolorimeter, the practical measurements of the SPD as a function of the electrical power are obtained. PMS-50 system is applied as single monochromators spectrometer with wavelength accuracy of 0.2 nm and wavelength range of 380-780 nm. The LED sample is supplied by the dc driver. The forward voltage multiplied by current makes the electrical power. The relationship is reflected in the electrical power and peak wavelength of the white LED with a constant junction temperature of 55°C as shown in Fig. 1 . The peak wavelength for spectrum (first, second, and third) performs blue-shift approximately linearly with the increasing electrical power. At the junction temperature of 40°C and electrical power of 0.5 W, peak wavelength of spectrum (λ p,1 , λ p,2 , and λ p,3 ) is about 453.4, 545.2, and 586.4 nm, respectively, FWHM of spectrum Δλ 1 , Δλ 2 , and Δλ 3 is about 24, 82.3, and 127.7 nm, respectively, and optical power of P opt,1 , P opt,2 , and P opt,3 is about 0.0211, 0.0308, and 0.0591 W, respectively. At the junction temperature of 40°C and electrical power of 2.5 W, peak wavelength of spectrum λ p,1 , λ p,2 , and λ p,3 is about 449.6, 540.1, and 582.4 nm, respectively, FWHM of spectrum Δλ 1 , Δλ 2 , and Δλ 3 is about 26.0, 84.1, and 128.8 nm, respectively, and the optical power of P opt,1 , P opt,2 , and P opt,3 is about 0.0748, 0.101, and 0.2 W, respectively. The deviation between the model and the experiment is given as (D mea − D cal )/D mea , where D mea is the measured data, D cal is the calculated data. The average deviation between the calculation and the measurement is about 4.2%. The minimum deviation between the proposed model and the measurement is 2.1%.
The measured and calculated peak wavelength versus junction temperature of the white LED at a constant electrical power of 1.5 W are shown in Fig. 2 . At the junction temperature of 38°C and electrical power of 1.5 W, peak wavelength of spectrum λ p,1 , λ p,2 , and λ p,3 is about 451.4, 541.7, and 583.9 nm, respectively, FWHM of spectrum Δλ 1 , Δλ 2 , and Δλ 3 is about 25.4, 83.2, and 128.1 nm, respectively, and the optical power of P opt,1 , P opt,2 , and P opt,3 is about 0.053, 0.077, and 0.15 W, respectively. At the junction temperature of 111°C and electrical power of 1.5 W, peak wavelength of spectrum λ p,1 , λ p,2 , and λ p,3 is about 455.2, 545.5, and 587.6 nm, respectively, FWHM of spectrum Δλ 1 , Δλ 2 , and Δλ 3 is about 27.2, 84.8, and 129.9 nm, respectively, and optical power of P opt,1 , P opt,2 , and P opt,3 is about 0.046, 0.068, and 0.13 W, respectively. The average deviation between the calculation and the measurement is about 5.6%. Fig. 3 shows the measured and calculated SPDs for the warm white LED sample with different color characteristics [compared with Fig. 1(a) ]. The calculated results (red curve) agree well with practical measurements (black curve). These agreements confirm the validity of the proposed tricolor SPD modeling method.
B. SPD of a White LED With Electrical and Thermal Effects on Photocurrent and SNR of a VLC System
The SPD of a white LED is therefore an important characteristic that determines the optical power, luminous flux, and color properties. The SPD is dependent on electrical power and the junction temperature as shown in the above section. However, the electrical and thermal dependence for the SPD is often not precisely included into a VLC system. There is a lack of the VLC system theory that can incorporate the variation of the SPD with electrical-thermal effects. In this section, an electrical and thermal dependence for the SPD model based on the PET theory [19] , [20] is proposed to describe the photocurrent of the photodetector inside the VLC system under different operation conditions.
Putting (13) into (3) and (4), the excitation photocurrent and the SNR of the VLC system as a function of input power and thermal effect of the LED source can be given as follows:
Several important observations should be noted from (15) and (16) , shown at the bottom of this page. 1) Equations (15) and (16) relate the photocurrent I p and SNR to the injected electrical power of the LED P d , the thermal resistance of the heatsink R hs , the LED device R j c , the device package R silicone and R phosphor , and other location parameters of the VLC system (such as the distance between the LED source and the photodetector d, the physical area of the photodetector A), altogether. It is an equation that integrates the thermal, electrical, and location characteristics of the light communication system altogether. 2) Equation (15) can be used to plot a range of the photocurrent for a range of heatsink thermal resistance. This allows the designer to choose the size of the heatsink in order to meet the steady-state photocurrent requirement within the constraints of the given size of the heatsink. 3) The SNR is proportional to the square of the photocurrent I p . It means that a small deviation between the measured and theoretical photocurrent will produce a larger error in the SNR. A poor prediction of photocurrent I p exceedingly limits the evaluated SNR and the efficiency of the light communication system. 4) However, no quantitative modeling has been previously reported to relate the junction temperature and electrical power of the LED source to the photocurrent and SNR. Therefore, (15) and (16) provide a new formulation linking the electrical power and thermal effect of the LED source to photoelectro conversion of the photodetector. 5) For application in which the size available for heatsink is restricted, operating the LED at a power lower than the rated power may even generate more I p than at the rate power due to the nonlinear spectral responsivity R PD (λ) of the photodetector. The performance of the VLC system is dependent on the responsivity R PD (λ) of the photodetector and the SPD of the LED source. As shown in Fig. 4 , the responsivity of the photodetector is different with wavelength distribution and R PD (λ) is linearly increase as wavelength within visible light wavelength. The SPD of the white LED source with electrical power and junction temperature is the measured result. The responsivity of the photodetector is obtained from the datasheet (Thorlabs DET10A2). Due to the thermal effect, the peak wavelength of the spectrum exhibits red shift, FWHM of the spectrum is broadened, and the reduction of the amplitude is fairly obvious when the thermal resistance of the heatsink increases. Due to the electrical effect, the peak wavelength, FWHM, and the amplitude of the spectrum exhibit obvious variation. Therefore, the SPD of the LED source via the responsivity R PD (λ) of the photodetector is a dynamic behavior with electrical power and junction temperature. As shown in (15) , the photocurrent of the photodetector is highly dependent on the spectrum of the LED source. The spectrum exhibits obvious variation with electrical and thermal stress. It is important to conclude from these experimental observations that current and junction temperature have counteracting effects on the peak wavelength shift of the blue light emitted by the nitride-based LEDs. This is the reason for the photocurrent of the photodetector with electrical power and heatsink's resistance curve being fairly nonlinear. However, the SPD that affects the performance of the VLC system with electrical power and junction temperature has not been studied. The interactions of photometry, electrical power, heat, and chromaticity aspects have been described mathematically in the PET theory [19] , [20] . The PET theory can dynamically predict SPD of LED sources, which can optimize the design of an LED system and opens a new research to nonlinear optical-electrical conversion of a VLC system.
IV. EXPERIMENTAL VERIFICATION
The experimental setup to verify the proposed model is shown in Fig. 5 . Fig. 5(a) shows the photograph of the experimental setup. Fig. 5(b) shows the waveform of the photovoltage and the LED voltage with a PWM frequency of 50 kHz and a duty cycle of 0.5. Channel 1 is the forward voltage of the LED source. Channel 2 is the response photovoltage of the photodetector. It clearly shows that when the LED source is switched OFF, it takes a few microseconds for the photovoltage of the photodetector to drop from the maximum voltage to zero. The experimental phenomenon is largely attributed to the additional energy storage which exists in the chemicals of phosphor coating in the white LED source. The electrical power of the LED source is calculated using the average voltage and current. A high power phosphor-based white LED was electrically driven by signals with different heatsink temperature. A function generator (Agilent 33120A) is used to generate a PWM signal, which is subsequently amplified by a high-speed operational amplifier (Texas Instrument THS3001). The PWM signal is then superimposed onto the DC signal from the DC power supply and the combined signal is injected into the LED. The optical signal emitted by the LED was received by a silicon photodetector (Thorlabs DET10A2) with an active area of 0.8 mm 2 . The photodetector was directly connected to a real-time oscilloscope (Tektronix TDS 3014).
In practice, the photocurrent and SNR of the VLC system are related to the injection current of the LED source and transmission distance. The relationship is reflected in the photocurrent and input power with the constant distance. These practical measurements are obtained with the use of a DET10A2 that detect light intensity and convert electrical signal. In the practical operating range, the photocurrent and SNR is highly dependent on the input power and thermal effect.
The parameters of the VLC system considered are in Table I . The required parameters of the SPD model for the white LED sources are shown in Table II . These parameters can be extracted from a series of optical and thermal measurement [19] , [20] , [31] , [32] . As the electrical power is increased from 0.5 to 3 W while keeping the heatsink temperature at a few discrete levels within the range of 18-98°C, the spectral variation is caused by the piezoelectricity-induced quantum confined Stark effect and the variation in the semiconductor band gap. The detailed descriptions on the phenomena have been shown in Section III. As shown in Fig. 4 , the peak wavelength, FWHM, and amplitude of the spectrum exhibit obvious variations with thermal and electrical effects. Putting these device parameters into (15) and (16), the theoretical photocurrent and SNR as a function of electrical power for the cool and warm white LED source (part number: Lumileds Luxeont LXML-PWN2 and CREE XTEAWT-E0-0000-00000HCF6) can be derived, as shown in Fig. 6 and 7 . It can be seen that the variation of the photocurrent is highly dependent on the change of junction temperature and electrical power, and this affects the performance of light communication. The LED source under test is mounted to a controlled-temperature heatsink, which is used to stabilize the LED temperature for measurement photocurrent of the photodetector. At the controlled heatsink temperature of 18°C, the measured photocurrent of the warm LED source is 0.003 mA under the electrical power of 1 W. When the electrical power is increased to 3 W, the maximum photocurrent I p of the warm LED source is about 0.0146 mA under electrical power of 3 W. With a heatsink temperature of 98°C, the measured photocurrent of the warm LED source is about 0.0026 mA under electrical power of 1 W. When the electrical power is 3 W, the measured photocurrent only increases to 0.012 mA. It means that the variation I p of the warm LED source with electrical power of 3 W is about 21.7% from heatsink temperature of 18-98°C. Within the same operated range, the variation I p of the cool LED source with electrical power of 3 W is about 17.9%. This practical result highlights the fact that the effects of electrical power and temperature are important factors affecting the performance of both the LED package and the photodetector. It is noted that the variation of I p with electrical power and heatsink temperature is kept within obvious ranges. If the thermal design is not restricted by space, a big heatsink with low R hs should always be selected for light communication in order to effectivly reduce the overall photocurrent variation. The average deviation between the proposed model and the measurement is about 12.2%. The minimum deviation between the proposed model and the measurement is 4.5%. Fig. 7 shows the calculated and measured SNR versus electrical power of the cool and warm white LED sources. The calculated values using the proposed model are generally consistent with the measurements.
The SNR is highly related to the transmission distance and the junction temperature of the LED source. The reception signal becomes weakened as the transmission distance is increased. For a given SNR value, the acceptable signal transmission distance is a function of junction temperature. Fig. 8 shows the acceptable signal transmission distance as a function of temperature with a given measured and calculated SNR of the cool and warm white LED sources. It shows the variation distance with junction temperature at a given SNR. As the distance is increased, the SNR drops at a relatively fast rate until the distance is about 9 cm. For a given SNR of 19.8 dB, the acceptable signal transmission distance is between 7.1 and 8.0 cm when the junction temperature of the cool white LED source increases from 26 to 102°C. It indicates that the variation range of the acceptable signal transmission is 12.6%. After reaching the distance of 9 cm, the SNR decreases at a relatively slow rate with the increasing transmission distance. For a given SNR of 9.12 dB, the acceptable signal transmission distance of the cool white LED source is between 10 and 12.8 cm within the identical temperature range. It is noted that the variation range of the acceptable signal transmission is 28%. For the same SNR, the variation range of the acceptable signal transmission for the warm white LED source is 19.5%. If the distance is increased to 1.1 m, the measured SNR decreases below 1 dB within electrical power of 1 W. The transmission distance is limited due to the sharp decrease in illumination with distance. The average deviation between the proposed model and the measurement of the cool white LED source and the warm white LED source is about 13.7% and 12.6%, respectively. The minimum deviation between the proposed model and the measurement is 5.7%. The outputs of the proposed model are higher than the measured results. One of the main reasons is that the viewing angle of the practical source is larger than that of the assumed point source. The received optical power of the photodetector should be lower than the theoretical value. For a given set of electrical power and distance, the SNR is dependent on the thermal design with R hs and R j c . The results provide useful important information for LED system designers to estimate the SNR reduction over time. It allows the designer to choose the size of the heatsink and the number of LED devices in order to meet the steady-state SNR requirement within the constraints of the given size of the heatsink. Due to the variation of LED power, it is important to check the SNR, luminous flux, and junction temperature. It is preferable to ensure that 1) the peak power does not exceed the rated power; 2) the SNR meets the system specification; 3) the peak junction temperature does not exceed the rated junction temperature.
V. CONCLUSION
Using the PET theory as a theoretical platform, this paper presented a detailed analysis of the electrical and thermal effects of LEDs on the SNR for VLC applications. The electrical and thermal dependence for the SPD model based on the PET theory is proposed to describe the performance of the photocurrent and the SNR of the photodetector inside the VLC system under different operating conditions. The analytical study includes the variations of the electrical power and temperature in both of the LED package and the photodetector. The theoretical and experimental results have confirmed that the electrical and thermal effects could cause substantial variation in the SNR. This discovery is important to VLC system designers because the operating temperature of each VLC system may vary from one installation to another and more LED lighting systems with dimming capability are expected for energy saving reasons in smart buildings. Accurate prediction of the SNR variation will be crucial in ensuring the minimum SNR at the worst situation should meet the technical specifications. The theoretical predictions obtained in this study are in line with practical measurements. The average deviation between the proposed model and the measurement is about 13.7%. Their good agreements between the theoretical and practical results indicate that the PET theory can be extended as a design tool (the input parameters were shown in Tables I and II) for the evaluation and optimization of the SNR in VLC applications.
